Newcastle disease virus (NDV) causes a highly contagious respiratory, neurologic, or enteric disease in chickens, which leads to severe economic losses in the poultry industry worldwide. NDV isolates display a spectrum of virulence in chickens, ranging from inapparent infection to 100% mortality. Strains of NDV are classified into three major pathotypes based on the severity of the disease produced in chickens. Avirulent, intermediately virulent, and highly virulent strains are termed lentogenic, mesogenic, and velogenic strains, respectively.
NDV is a member of the genus Avulavirus in the family Paramyxoviridae. The genome of NDV is a nonsegmented, single-stranded, negative-sense RNA of 15,186 nucleotides (nt) (7, 16, 19) . The genome contains at least six genes, which encode the nucleocaspid protein (NP), phosphoprotein (P), matrix protein (M), fusion protein (F), hemagglutinin-neuraminidase protein (HN), and large RNA-dependent RNA polymerase protein (L). Two additional proteins, V and W, may be produced by RNA editing during P gene transcription (24) . The RNA genome is tightly encapsidated by the NP protein. This ribonucleoprotein complex serves as the template for transcription and replication by viral RNA polymerase proteins, which are L and P proteins. The NDV genes are arranged on the genomic RNA in the order 3Ј-NP-P-M-F-HN-L-5Ј. Flanking the genes are 3Ј and 5Ј extracistronic sequences, known as the leader and trailer, respectively. These leader and trailer regions are cis-acting regulatory elements involved in replication, transcription, and packaging of the genomic and antigenomic RNAs. The beginning and end of each gene are conserved transcriptional control sequences, known as the gene start and gene end, respectively (8, 18) . Between the gene boundaries are noncoding intergenic sequences (IGSs), which vary in length from 1 to 47 nt. Each of the first three IGSs, the NP-P, P-M, and M-F gene junctions, has only 1 nt, while the other two IGSs, the F-HN and HN-L gene junctions, are 31 nt and 47 nt, respectively (4, 5, 16) . The lengths of IGSs are generally conserved in most NDV strains, with the exception that the IGS in the NP-P gene junction of strain D26 is 2 nt long. However, the sequences of IGSs vary among NDV strains (12) .
The transcription process for NDV is similar to that for other nonsegmented negative-sense RNA viruses (18) . The viral RNA polymerase first transcribes the leader RNA at the 3Ј end of the genome. Synthesis of the leader sequence terminates at the boundary of the first gene (NP) and proceeds with NP mRNA synthesis at the gene start of the NP gene. Transcription terminates at the gene end of the NP gene. The transcription complex probably passes over the NP-P IGS and begins transcription of the P gene. Therefore, IGSs are not copied into mRNAs. Transcription continues in this start-stop manner until the mRNA of the last gene, L, is synthesized. The mode of transcription leads to a gradient of mRNA abundance that is reduced according to the distance of the location of a particular gene from the 3Ј end of the genome. Replication occurs when the polymerase complex ignores the transcription stop signal at the 3Ј end of each gene (18) . NDV RNA replication follows "the rule of six," that is, efficient replication occurs only if the genome size is a multiple of 6 nt (7) .
There are two different IGS groups among members of the order Mononegavirales. One group has short conserved or semiconserved IGSs. Members of the genera Respirovirus, Morbillivirus, and Henipavirus have IGSs that are a conserved trinucleotide. For example, Sendai virus, human parainfluenza virus type 3 (hPIV3), and Hendra virus have a conserved trinucleotide (GAA), with the exception of the HN-L IGS of Sendai virus, which is GGG (23, 28) . The rhabdovirus vesicular stomatitis virus (VSV) has a semiconserved dinucleotide, GA or CA, as the IGS (11) . The IGSs in the other virus group vary significantly in sequence and length. The IGSs of hPIV2 vary in length from 4 to 45 nt (14) . For simian virus 5 (SV5) and respiratory syncytial virus (RSV), the IGSs vary in length from 1 to 22 and 1 to 56 nt, respectively (3, 6, 9, 20) . NDV belongs to the latter group.
The roles of IGSs in transcription, replication, and viral pathogenesis of the members of the Mononegavirales are unclear. Studies using infectious recombinant RSV with various IGS lengths, from 16 to 160 nt, showed that there was no significant difference in transcription or replication in vitro or in vivo (3). Studies using a VSV minigenome system showed that some nucleotide changes in the IGS resulted in higher levels of readthrough transcription. This indicated that IGSs play a role in transcription termination in VSV (11) . Studies with SV5 IGSs showed that the length of the IGS alone is not a determining factor in transcription termination/polyadenylation (10) . The roles of NDV IGSs in viral transcription, replication, and pathogenicity have not been studied. It is not known why the first three 3Ј-end IGSs are only 1 nt long, whereas the next two IGSs are always 31 and 47 nt long.
In this paper, we investigate the role of the length of IGSs in NDV transcription and virulence. We made several constructs with either an addition or deletion of nucleotides in the F-HN and/or HN-L IGS. The lengths of IGS changes were made based on the "rule of six." Recombinant NDVs (rNDVs) were recovered from their respective cDNA clones by a reverse genetics technique (15) . The effect of IGS length on upstream and downstream gene transcription was quantified. The data indicated that addition of nucleotides to the IGS length downregulated the transcription of the downstream gene but did not affect transcription of the upstream gene. The virulence of these recombinant viruses was examined by the mean death time (MDT) for 9-day-old embryonated chicken eggs, by the intracerebral pathogenicity index (ICPI) for 1-day-old chicks, and by the intravenous pathogenicity index (IVPI) for 6-weekold chickens. Our in vivo studies indicated that addition or deletion of nucleotides in IGSs decreased the virulence of mutant viruses.
MATERIALS AND METHODS
Cells and viruses. DF-1 cells (chicken embryo fibroblast cell line) were maintained in Dulbecco's minimal essential medium (DMEM) with 5% fetal bovine serum (FBS). HEp2 cells (human epidermoid carcinoma cell line) were maintained in Eagle's minimal essential medium with 5% FBS. The moderately pathogenic (mesogenic) NDV strain Beaudette C (BC) and recombinant viruses generated from BC were grown in 9-day-old specific-pathogen-free (SPF) embryonated chicken eggs. A modified vaccinia virus Ankara recombinant that expresses the T7 RNA polymerase (a generous gift from Bernard Moss, National Institutes of Health) was grown in primary chicken embryo fibroblast cells.
Construction of NDV cDNAs with modified F-HN IGS and HN-L IGS.
Fulllength antigenomic cDNA of NDV strain BC was cloned into plasmid pBR 322 and designated pBC (15) . The F-HN IGS and HN-L IGS were modified in pBC. (Fig. 1) .
For F-HN IGS insertion, different lengths (90 nt, 204 nt, and 312 nt) of avian metapneumovirus (AMPV) (GenBank accession no. AY590688) sequence, with MluI sites at both ends, were amplified by PCR. The amplified sequences were digested with MluI and inserted into the full-length cDNA clone pBC, which contains a unique MluI site in the IGS between the F and HN genes. AMPV sequences were chosen because AMPV is a closely related avian paramyxovirus. The amplified AMPV sequences were as follows: the 90-nt sequence was from the AMPV SH-G IGS, the 204-nt sequence was from AMPV N gene nt 88 to 291, and the 312-nt sequence was from AMPV N gene nt 88 to 399.
For deletion of nucleotides in the F-HN IGS, three rounds of PCR were performed. In the first-round PCR, the template pBC was amplified with primers NotI (ϩ) (5Ј-CAA ATA ACA GCG GCC GCA GCT C-3Ј) and HN6340 (Ϫ) (5Ј-CTC TTA CCG TTC TAC CCG TGT TTT TTC TAA ACT CTC CGA-3Ј). The PCR product contained a 30-nt deletion in the F-HN IGS and a NotI site, which is present in the upstream gene F. In the second-round PCR, the template pBC was amplified with primers HN6272 (ϩ) (5Ј-TCG GAG AGT TTA GAA AAA ACA CGG GTA GAA CGG TAA GAG-3Ј) and HN/L (Ϫ) (5Ј-AAG GCC TTG TCT GCT GAG AAT GAG GTG-3Ј). The PCR product contained an AgeI site, which is present in the HN-L IGS, and a 30-nt deletion in the F-HN IGS. In the third-round PCR, the first and second PCR products were used as templates, and primers NotI (ϩ) and HN/L (Ϫ) were used to amplify the templates. The PCR product was digested with NotI and AgeI and then cloned into pBC, and the resulting clone was designated pBC-FHN⌬30.
For HN-L IGS insertion, sequences of different lengths (90 nt, 204 nt, and 312 nt), with AgeI sites at both ends, were amplified by PCR. These HN-L IGS insertion sequences were the same as the F-HN IGS inserted sequences. The amplified sequences were digested with AgeI and then inserted into full-length cDNA clone pBC, which contained a unique AgeI site in the IGS between the HN and L genes.
For the HN-L IGS deletion pBC-HNL⌬30, primers F6202 (ϩ) (5Ј-GTG AAC ACA GAT GAG GAA CG-3Ј) and HNL8366 (Ϫ) (5Ј-TTT ACC GGT TAC ATT TTT TCT TAA TCG AGG GAC TAT TGA C-3Ј) were used to amplify the template pBC. The PCR product was digested with MluI and XbaI and then cloned into pBC. For pBC-HNL⌬42, three rounds of PCR were performed. In the first-round PCR, primers HN7513 (ϩ) (5Ј-CGC ATA CAG CAGGCTATC TTA-3Ј) and HNL 8390 (Ϫ) (5Ј-GAG CTC GCC ATG TCC TAC CCG TAC ACA TTT TTT CTT AAT CGA GGG ACT ATT GAC-3Ј) were used to amplify the template pBC. The PCR product contained a SpeI site, which is present in the HN gene, and a 42-nt deletion in the HN-L IGS. In the second-round PCR, primers HNL8300(ϩ) (5Ј-GTC AAT AGT CCC TCG ATT AAG AAA AAT GTG TAC GGG TAG GAC ATG GCG AGC TC-3Ј) and XbaI (Ϫ) (5Ј-AGT ACT CCG GTT ATT CTA GAA TTG TGG TTG-3Ј) were used to amplify the template pBC. The PCR product contained an XbaI site and a 42-nt deletion in the HN-L IGS. In the third-round PCR, primers HN7513 (ϩ) and XbaI (Ϫ) were used to amplify the products from the first-and second-round PCRs. The PCR product was digested with SpeI and XbaI and then cloned into pBC.
For the double deletion construct, which contained deletions of 18 nt in the F-HN IGS and 30 nt in the HN-L IGS (pBC-FHN⌬18HNL⌬30), primers HN6290(ϩ) (5Ј-ACT ACG CGT GAT ATA CGG GTA GAA CGG TAA GAG AGG CCG-3Ј) and HN8366(Ϫ) (5Ј-TTT ACC GGT TAC ATT TTT TCT TAA TCG AGG GAC TAT TGA C-3Ј) were used to amplify pBC. The PCR product was digested with MluI and AgeI and then cloned into pBC.
All manipulated regions in the NDV cDNAs were sequenced to confirm the presence of the desired mutations.
Recovery of rNDV. rNDVs were recovered by cotransfection of each NDV cDNA mutant plasmid with support plasmids encoding NP, P, and L proteins into HEp-2 cells. Simultaneously, HEp-2 cells were infected with a recombinant vaccinia virus (MVA/T7) which is capable of synthesizing T7 RNA polymerase. Three or four days after transfection, the cell culture supernatant was used to recover the rNDV by either passage in DF-1 cells until a virus-specific cytopathic effect appeared or injection into the allantoic cavities of 9-day-old embryonated chicken eggs until the allantoic fluid became hemagglutinin positive (15) .
RT-PCR and sequence analysis of modified IGSs. Total RNAs were isolated from mutant NDV-infected allantoic fluid of 9-day-old SPF chicken embryos, using an RNeasy mini kit (Qiagen) according to the manufacturer's recommendations. Reverse transcription (RT) was performed using SuperScript II reverse transcriptase (Invitrogen). The positive-sense primers used for RT were F6202 (ϩ) for F-HN IGS mutants and HN/L (ϩ) (5Ј-TCC GCG ACA CCA AGA ATC AAA C-3Ј) for HN-L IGS mutants. For F-HN IGS mutants, the generated cDNA products were PCR amplified using primers F 6202 (ϩ) and HN 6414(Ϫ) (5Ј-CAT GAC TGA GGA CTG CTG-3Ј). For HN-L IGS mutants, the primers HN/L (ϩ) and HN/L (Ϫ) were used for PCR amplification. The RT-PCR products spanning the F-HN and HN-L IGS regions were separated in a 1% agarose gel, and the sequences were confirmed by sequencing.
Characterization of rNDVs. The growth kinetics of recombinant mutant viruses were evaluated by a multiple-step growth assay. DF-1 cells in duplicate wells of six-well plates were infected with viruses at a multiplicity of infection (MOI) of 0.01 PFU. After 1 hour of adsorption, the cells were washed with DMEM and then covered with DMEM containing 5% FBS at 37°C in 5% CO 2 . Supernatant was collected and replaced with an equal volume of fresh medium at 8-h intervals until 64 h postinfection. The titer of virus in the sample was quantified by plaque assay with DF-1 cells. All plaque assays were performed in six-well plates. Briefly, monolayers of DF-1 cells were infected with 0.2 ml of 10-fold-diluted fresh virus. After 1 h of adsorption, cells were covered with DMEM containing 2% FBS and 1% methylcellulose and then incubated at 37°C Northern blot hybridization. The total intracellular RNAs were isolated from virus-infected DF-1 cells by using an RNeasy mini kit (Qiagen). The RNAs were electrophoresed in denaturing 1.5% agarose gels containing 0.5 M formaldehyde, transferred to a nitrocellulose membrane, and then hybridized with a 32 P-labeled double-stranded cDNA probe specific to the NDV NP, F, HN, or L gene. The bands corresponding to the individual NDV mRNAs were quantified by a Fuji phosphorimager. In each agarose gel, 28S and 18S RNAs were used as loading controls (data not shown).
Pathogenicity studies. The pathogenicity of the mutant viruses was determined by three different internationally accepted pathogenicity tests (1) . These included the MDT test for 9-day-old embryonated chicken eggs, the ICPI test for 1-dayold chicks, and the IVPI test for 6-week-old chickens.
Briefly, for MDT, a series of 10-fold (10 Ϫ6 to 10 Ϫ9 ) dilutions of fresh infective allantoic fluid was made with sterile phosphate-buffered saline, and 0.1 ml of each diluent was inoculated into the allantoic cavities of five 9-day-old SPF embryonated chicken eggs (Bee Eggs Company, PA) and incubated at 37°C. Each egg was examined three times daily for 7 days, and times of embryo death were recorded. The minimum lethal dose is the highest virus dilution that causes all embryos inoculated with the dilution to die. The MDT is the mean time in hours for the minimum lethal dose to kill all inoculated embryos. The MDT has been used to classify NDV strains into the following groups: velogenic strains (taking less than 60 h to kill), mesogenic strains (taking 60 to 90 h to kill), and lentogenic strains (taking more than 90 h to kill).
For ICPI, 0.05 ml (1:10 dilution) of fresh infective allantoic fluid of each virus was inoculated into groups of 10 1-day-old SPF chicks via the intracerebral route. The inoculation was done using a 27-gauge needle attached to a 1-ml stepper syringe dispenser that was set to dispense 0.05 ml of solution per inoculation. The birds were inoculated by inserting the needle up to the hub into the right or left rear quadrant of the cranium. The birds were observed for clinical symptoms and mortality once every 8 h for a period of 8 days. At each observation, the birds were scored as follows: 0, healthy; 1, sick; and 2, dead. The ICPI is the mean score per bird per observation over the 8-day period. Highly virulent (velogenic) viruses give values approaching 2, and avirulent (lentogenic) viruses give values close to 0.
For IVPI, 0.1 ml (1:10 dilution) of fresh infective allantoic fluid of each virus was inoculated intravenously into groups of 10 6-week-old SPF chickens. The birds were observed for clinical symptoms and mortality once every 8 h for a period of 10 days. At each observation, the birds were scored as follows: 0, healthy; 1, sick; 2, paralyzed; and 3, dead. The IVPI is the mean score per bird per observation over a 10-day period. Highly virulent (velogenic) viruses give values approaching 3, and avirulent (lentogenic) viruses give values close to 0.
Each experiment had mock-inoculated controls that received a similar volume of sterile phosphate-buffered saline by the respective routes. The MDT, ICPI, and IVPI values were calculated as described by Alexander (1).
RESULTS

Construction of rNDVs with F-HN and HN-L IGSs of different lengths.
We manipulated the lengths of the IGSs between the F and HN genes and the HN and L genes in a full-length NDV strain BC antigenomic cDNA clone, pBC. The reason for selecting the F-HN and HN-L IGSs is that these two IGSs include 31 nt and 47 nt, respectively, but the other three IGSs (NP-P, P-M, and M-F) have only 1 nt. We wanted to know why the IGSs of F-HN and HN-L are longer than other IGSs of NDV and what effect the IGS length has on the level of mRNA transcription, virus replication, and pathogenicity of the virus. We made a 30-nt deletion in the F-HN IGS, 30-nt and 42-nt deletions in the HN-L IGS, and a double deletion that included an 18-nt deletion in the F-HN IGS and a 30-nt deletion in the HN-L IGS. We also made six additional constructs in which 96 nt, 210 nt, and 318 nt were added to the F-HN and HN-L IGSs. The numbers of deleted or added nucleotides were adjusted so that the entire genome length of NDV obeyed the "rule of six" (19) . Schematics of the constructs are shown in Fig. 1 .
The recombinant viruses were recovered by a reverse genetics technique as described previously (15) . The sequences of modified IGSs were confirmed by RT-PCR and sequencing. There was no noticeable difference in the recovery of recombinant viruses from different constructs.
Modified IGSs are stable in rNDVs. Mutant viruses were passaged five times in 9-day-old embryonated chicken eggs to examine the stability of the modified IGSs. Allantoic fluid from each passage was collected and analyzed by RT-PCR, using primers that flanked the F-HN and HN-L IGSs. The lengths of PCR products from rNDVs with modified F-HN and HN-L IGSs are shown on an agarose gel (Fig. 2) . The integrity of the RT-PCR products was confirmed by sequence analysis. Our results did not show any change in length or sequence of rNDV IGSs, even after five passages, indicating that the modified F-HN and HN-L IGSs were stable. kinetics were performed in order to analyze the replication of rNDVs in vitro. DF-1 cell monolayers were infected at an MOI of 0.01 PFU per cell, and supernatant samples were taken at 8-h intervals until 64 h postinfection. Samples were then quantified by plaque assay. There was no significant difference in growth kinetics between the various mutant viruses and the parental virus rBC, with the exception that rBC-HNL318 showed slightly delayed growth kinetics (Fig. 3) .
Increased IGS length affects viral replication in vitro and
The plaques formed by the various rNDVs in the DF-1 cell monolayer were visualized by staining with crystal violet (Fig. 4) . The plaque size was measured in several independent experiments. Viruses that had deletions in either the F-HN or HN-L IGS were indistinguishable from rBC on the basis of plaque size. Interestingly, the double deletion virus, rBC-FHN⌬18HNL⌬30, produced slightly larger plaques than those of parental rBC. (Fig. 5A , lanes 5 and 6), but no significant change in the transcription level of the upstream gene, F (Fig. 5C, lanes 5 and 6) . Similarly, HN-L IGS mutants rBC-HNL210 and rBC-HNL318 showed decreased transcription of the downstream gene, L (Fig. 5B , lanes 10 and 11), but no significant change in the transcription level of the upstream gene, HN (Fig. 5A, lanes 10 and 11) . These results indicated that extending the IGS length probably affected the initiation of downstream gene transcription but had no significant effect on the transcription of the immediate upstream gene. In addition, there was no consistent difference in the level of NP gene expression between the viruses (Fig.  5D ), indicating that increasing IGS length has no effect on upstream gene transcription. Pathogenicity studies of rNDVs containing decreased or increased F-HN and HN-L IGS lengths. We wanted to determine the effect of increased or decreased IGS length on the pathogenicity of recombinant viruses. At present, a definitive assessment of NDV virulence is based on the following in vivo tests: MDT test with embryonated SPF chicken eggs, ICPI test with 1-day-old chicks, and IVPI test with 6-week-old chickens. We examined the virulence of parental rNDV and rNDVs containing modified IGS lengths by all these tests ( Table 1) .
The MDT test results showed that the parental strain rBC took 60 h to cause embryo mortality. All recombinant viruses showed MDTs similar to that of rBC, except for rBC-HNL⌬30 and rBC-HNL318, which took 4 h and 8 h longer, respectively, in causing the death of embryos ( Table 1) .
The ICPI value for parental rBC was 1.49 (of a maximum of 2.00) ( Table 1 ). The ICPI values for rNDVs containing decreased IGS lengths (rBC-FHN⌬30, rBC-HNL⌬30, and rBC-HNL⌬42) were similar to that of the parental strain rBC. However, the ICPI value for rBC-FHN⌬18HNL⌬30 was 1.28, which was lower than that of parental rBC. Interestingly, the ICPI values for recombinant viruses decreased as the length of the IGS increased. In the case of increased F-HN IGS length, the ICPI values for rBC-FHN96, rBC-FHN210, and rBC-FHN318 were 1.44, 1.31, and 1.06, respectively. In the case of increased HN-L IGS length, the ICPI values for rBC-HNL96, rBC-HNL210, and rBC-HNL318 were 1.11, 0.61, and 0.47, respectively. These results indicated that increased HN-L IGS length reduces the pathogenicity of rNDV more than increased F-HN IGS length does. To determine the amount of each recombinant virus required to cause the death of 1-day-old chicks by the intracerebral route, the brain tissues from the dead chicks were plaque assayed in DF-1 cells. Our results showed that all rNDVs grew to similar titers (10 4 to 10 5 PFU/g brain tissue) in the brain at the time of chick death, but the time to cause death was longer for viruses with increased IGS lengths. The viruses recovered from the brain tissues of dead chicks were sequenced to determine the stability of the modified IGSs. Our results showed that the modified IGSs in rNDVs were stable after their growth in the chick brain.
The results obtained for the mutant viruses by IVPI tests with 6-week-old chickens were quite surprising ( Table 1 ). The parental rBC virus had an IVPI value of 2.06 (of a maximum of 3.00), but the IVPI values for all mutant viruses were much lower (ranging from 0.00 to 1.04), indicating that both decreased and increased IGS lengths reduced the virulence of rNDVs. All rNDVs containing decreased IGS lengths showed reduced virulence. The IVPI values for rBC-FHN⌬18HNL⌬30, rBC-FHN⌬30, rBC-HNL⌬30, and rBC-HNL⌬42 were 0.72, 1.04, 0.99, and 0.44, respectively. Again, interestingly, the IVPI values for rNDVs decreased as the length of the IGS increased. In the case of increased F-HN IGS length mutants, the IVPI values for rBC-FHN96, rBC-FHN210, and rBC-FHN318 were 0.34, 0.20, and 0.14, respectively. In the case of increased HN-L IGS length mutants, the IVPI values for rBC-HNL96, rBC-HNL210, and rBC-HNL318 were 0.54, 0.00, and 0.00, respectively. These results confirmed that increased HN-L IGS length reduced the pathogenicity of rNDVs in adult chickens more than increased F-HN IGS length did. Furthermore, our results showed that the IVPI test is more sensitive than the ICPI test in determining the pathogenicity of NDV strains. The MDT test is the least sensitive test for assessing the pathogenicity of NDV.
DISCUSSION
The lengths and sequence compositions of IGSs vary among the members of the Mononegavirales. In some viruses, such as VSV, Sendai virus, and measles virus, the IGSs are a conserved dinucleotide or trinucleotide, whereas in some other viruses, such as NDV, RSV, and SV5, the IGSs vary in length and in sequence composition. Previous studies have indicated that in viruses with conserved IGSs, the IGS plays an important role in termination of upstream mRNA transcription and initiation of downstream mRNA synthesis (2, 25, 26) . In contrast, in some other viruses, such as RSV, the IGS has little effect on either upstream or downstream mRNA transcription (3, 17) . In NDV, the first three 3Ј-proximal IGSs are single nucleotides, whereas the last two 5Ј-proximal IGSs, the F-HN and HN-L IGSs, are nonconserved 31-and 47-nt sequences, respectively. In this study, we analyzed the effect of decreasing or increasing length of the F-HN or HN-L IGS on mRNA transcription and on the eventual pathogenicity of the virus in its natural host, the chicken.
Increasing either the F-HN or HN-L IGS length had no significant effect during multistep growth kinetics of the mutant NDVs in cell culture, except that the rBC-HNL318 virus showed decreased growth kinetics. However, the sizes of plaques varied among the mutant viruses. Based on plaque size, the level of attenuation of in vitro growth increased as the length of the IGS increased. Our research confirmed the previous observation of the RSV IGS study that plaque size was remarkably sensitive to small changes in IGS length (3) . It is unknown whether the effect of increased in vitro attenuation was due to the effect of increased genome length of the rNDV or due to alteration of the mRNA transcription level resulting from the increased IGS length.
Decreasing either the F-HN or HN-L IGS length had no discernible effect during multistep growth kinetics of mutant NDVs in cell culture. However, when the plaque sizes of IGS deletion viruses were compared, we found that the plaque sizes of single IGS deletion viruses were similar to or slightly smaller than that of the parental virus. This result indicated that the decreased plaque size observed with viruses of increased or decreased IGS length was probably not due to the effect of a simple increase in genome length but could be due to the alteration of the mRNA transcription level. Surprisingly, the plaque size of the double IGS deletion virus rBC-FHN⌬18HNL⌬30 was increased. Although it is unclear why the plaque size was increased, it is possible that the augmentation effect was due to the ratio of mRNAs produced as a result of double 5Ј-proximal IGS deletions.
In the present study, we demonstrated that NDV can tolerate an IGS length of at least 365 nt. The IGS length was stable after five passages in chickens and chicken embryos. Among the members of the Mononegavirales, the IGSs of Ebola virus vary from 3 to 143 nt (22) , rabies virus has a 423-nt G-L intergenic region which is thought to be a pseudogene (27) , and human metapneumovirus IGSs vary from 2 to 126 nt (13) . Recombinant RSV was shown to tolerate an IGS length of 160 nt (3) . Therefore, to our knowledge, this is one of the largest IGSs in the Mononegavirales.
During virus recovery studies, we came across an interesting observation. When the F-HN IGS was replaced with random nonviral sequences, we were unable to recover viable NDV, even after five attempts. In all those attempts, the parental virus and the viruses in which the F-HN or HN-L IGS was replaced with avian metapneumovirus sequences were recovered. Although these experiments need to be repeated with additional viral and nonviral random sequences, our research indicated that certain nonviral sequences cannot be used to replace NDV IGSs. It is possible that the NDV polymerase recognizes sequences from a distantly related virus but fails to recognize randomly generated nonviral sequences.
Our observations of diminution of plaque size with either increased or decreased IGS length indicated that it was probably not due to the result of the change in genome length but was associated with a change in the efficiency of sequential transcription. As expected, our Northern blot analysis showed that increased F-HN or HN-L IGS length resulted in decreased transcription of the downstream gene. We were unable to detect any consistent effect on the transcription of the upstream gene. Our results were consistent with a study of hPIV3 (23) . hPIV3 has a conserved trinucleotide, GAA or GCG, as the IGS. Studies showed that insertion of an additional nucleotide into the IGS can decrease the efficiency of transcription of the downstream gene (23 (3, 17) . The pathogenicity studies showed that all IGS mutants were attenuated in ICPI and IVPI tests. The results showed that the level of attenuation increased as the length of the IGS increased. For example, rBC-HNL210 and rBC-HNL318 were completely attenuated in the IVPI test. These results are in agreement with studies of RSV, where increasing IGS length affected viral pathogenicity in mice (17) . Interestingly, our results showed that decreasing the lengths of IGSs also affected viral pathogenicity. These findings suggested that either increasing or decreasing the length of an IGS alters the level of downstream gene transcription, which changes the ratios of viral transcripts, and these ratios are probably very important for virus growth and pathogenicity. It is possible that the most effective ratios of transcripts in NDV are obtained by having 1 nt in the first three 3Ј-end IGSs and 31 and 47 nt in the last two IGSs. Therefore, NDV has maintained these IGS lengths over the years without any changes. We also observed that the HN-L IGS was more amenable to attenuation than the F-HN IGS. This result indicated that the level of L protein is probably more important for virus growth and that any minor change in its level can have a dramatic effect on virus growth and pathogenicity.
Previously, it was suggested that the ability of NDV strains to produce large plaques is related to their virulence for chickens (21) . Seemingly, our data differ from this suggestion in that the double IGS deletion virus rBC-FHN⌬18HNL⌬30 produced slightly larger plaques than those of the parental rBC virus, despite its attenuation in chickens. Therefore, plaque size may not always be a correct indicator of NDV virulence.
Our pathogenicity studies showed that the IVPI test was more sensitive than the ICPI test, which in turn was more sensitive than the MDT test to assess the pathogenicity of NDV IGS mutants. These results indicate that the immune system of the host also plays an important role in the pathogenicity of NDV. The virus has to overcome a more mature immune system in a 6-week-old chicken in the IVPI test than the less developed immune system in a 1-day-old chick in the ICPI test or in a 9-day-old embryo in the MDT test. Therefore, any minor difference in the pathogenicity of an NDV mutant could be amplified in the IVPI test compared to the ICPI or the MDT test.
The results presented in this paper can have significant applications in the development of live attenuated NDV vaccines. One of the major problems encountered in current live attenuated NDV vaccines is the undesirable pathogenicity of the vaccine virus. Since field strains of low virulence are currently used as NDV vaccines, the pathogenicity of these strains cannot be changed. There is a great need to develop a live NDV vaccine that is immunogenic but less pathogenic. Our research shows a new method of attenuating NDV strains. We hope that by changing the lengths of the IGSs, the pathogenicity of an NDV strain can be adjusted to the desired level without affecting the immunogenicity of the vaccine virus, which will greatly benefit the poultry industry throughout the world.
